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ABSTRACT: Optimizing textiles for enhanced passive radiative thermoregulation properties represents a significant step forward in
technological innovation. To achieve this goal, we fabricated and characterized a visible-opaque infrared-modulator fabric (VOIMF)
that can provide the human body with continuous thermoregulation at low temperatures. The fabric is a bilayer emitter composed of
a polyethylene (PE) membrane and an ultrathin gold (Au) layer. The PE membrane contains randomly dispersed titanium dioxide
(TiO,) microparticles (MPs). By flipping the fabric, we demonstrate that the VOIMF can modulate the emissivity toward the
environment in the mid-infrared range, thereby providing a thermal comfort zone over a large temperature range of ~ 10 °C (from
6.7 to 16.8 °C). Moreover, the VOIMF is opaque in the visible (VIS) range and exhibits a white appearance, similar to cotton, due to
the high light scattering property of TiO, MPs.

1. INTRODUCTION heating and cooling functionality based on the modulation of
Wearable textiles are essential to our daily lives, providing not MIR radiations.”™*" Very recent reviews ﬁr;zthe subject present
only opacity in the visible range but also thermal comfort by a highly exhaustive state of the art.” " However, many
adjusting the local temperature around our body. While radiative textiles can provide thermal comfort only over a
technical textiles for outdoor use offer relatively sophisticated narrow ambient temperature range, which limits their thermo-
thermal comfort solutions (commercial textile references such regulation performances in terms of scope of application.

as Omni Heat)," the situation for indoor spaces remains a vast
area of study. Thus, the sensation of thermal discomfort
experienced by an individual at rest in a closed room prompts
them either to adjust the temperature of the room as a whole
(by modifying the heating or air conditioning) or to add or

Consequently, designing a textile that can ensure thermal
comfort of the human body in a wide range of indoor
temperatures remains a great challenge. To achieve this goal,
various designs have been proposed, including fiber and

remove layers of clothing textile to keep their body in thermal membrane structures. These studies demonstrated dual-mode
comfort. Conventional textiles used for clothing can therefore textiles composed of a multilayer with low and high emissivity
reduce the energy used to regulate our body temperature and faces, capable of switching between heating and cooling
are then part of the solution to limiting greenhouse gas functions.”>~*” A dynamic structure has also been proposed to
emissions. Optimizing their thermal properties represents a maintain the state of comfort.”*~*> However, the majority of

promising approach to reducing our environmental impact
while improving our thermal comfort.

The number of papers setting out strategies for improving
the thermoregulatory performance of textiles has been growing
steadily over the past decade, demonstrating the importance of
this issue. The human body at 34 °C emits electromagnetic
waves in the mid-infrared (MIR) range which are responsible
for more than 50% of heat loss.” This high contribution has
motivated researchers to design several radiative textiles for

these systems require external energy input, and the realization
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of such textiles remains challenging, particularly on a large
scale.

Here, we proposed to study a visible-opaque infrared-
modulator fabric (VOIMF) with high thermoregulating
performances and opacity in the visible wavelength range.
The VOIMF consists of a bilayer structure made up of a thin
polymer film containing dielectric microparticles (MPs),
covered by an ultrathin metallic film. The behavior of this
asymmetric membrane with respect to the electromagnetic
wave in both the VIS and MIR wavelength ranges is
theoretically reported and experimentally demonstrated with
the help of a commercial doped polyethylene (PE) membrane.
Based on a systematic theoretical modeling of the geometrical
and physical parameters of the membrane, we show that the
structure exhibits asymmetrical MIR properties for the two
modes used. Therefore, switching between the two modes is
achieved by simply turning the fabric inside out. Moreover,
VOIMEF takes advantage of the collective scattering property of
MPs to achieve high opacity in the VIS range.

2. RESULTS AND DISCUSSION

2.1. Fabric Design

2.1.1. Geometry and Working Principle. The proposed
design consists of a polymer membrane of thickness ¢, covered
with an ultrathin metallic layer of thickness e,,. The polymer
membrane is doped with dielectric particles randomly and

uniformly dispersed in the polymer matrix (Figure 1). The

Polymer Metal @ Dielectric particle MIR radiation E:» VIS light
Mode 1 Mode 2
. » : > 4 V'S
% & : :
N
ep s s () °© © o ©
“ 3 @d J o ©
e Y © o © ©
m-— 9
= = = 5
Skin

Figure 1. 2D schematic diagram illustrating the working principle of
the VOIMF. When the high-emissivity layer (polymer with particles)
faces outward, the fabric operates in Mode 1, resulting in a significant
heat transfer to the environment. When the fabric is turned inside out
(with the metal facing outward), the emissivity decreases and the
fabric operates in mode 2.

operating mechanism of the VOIMF design is illustrated in
Figure 1. When the PE composite membrane is exposed to
ambient air, the external MIR emissivity is high due to the
particle absorption, and the fabric acts as an infrared
transmitter (Mode 1). On the contrary, low external emissivity
is achieved when the metal layer faces the environment. In this
case, the external MIR emissivity is low due to the high
reflectivity of metal, and the fabric behaves as an infrared
reflector (Mode 2). By turning the fabric inside out, the MIR
emissivity of the outer face is then adjusted, allowing the fabric
to be switched from Mode 1 to Mode 2.

2.1.2. Materials. We first discuss the optical and thermal
properties of the different constituents that compose the fabric.
PE is a polymer with high transparency in the MIR and VIS
wavelength ranges®® principally due, in the 5—15 um range, to
a limited number of vibrational modes.”* It shows only narrow
absorption peaks around the wavelengths of 6.8, 7.3, and 13.7
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um.”® In addition, PE is a well-known polymer commonly used
in energy and sustainable development applications.’**®
Adding multiple layers may compromise the flexibility of the
textile. To overcome this limitation, we propose incorporating
absorbing particles directly into the polymer membrane, as a
replacement for the additional absorbing layers used in
previous studies.”””>” Titanium dioxide (TiO,) particles
exhibit not only high absorption (emissivity) in the MIR
range but also significant scattering in the VIS range due to
their high refractive index.””*® The high absorption of TiO, in
the 13—15 um range is related to the Ti—O-Ti stretching
vibration.”” Although this goes beyond the fundamental work
presented in this paper on the optical and thermal character-
ization of an asymmetrical sample of a polymer membrane
loaded with particles and metallized, it should be noted that, in
addition to these properties, TiO, has interesting character-
istics for textile applications: it has been demonstrated that the
incorporation of TiO, nanoparticles into textiles imparts
antibacterial activity, adequate UV protection, and good crease
resistance, thereby enhancing both performance and durabil-
ity.40 Other particles such as silicon oxide (SiO,) and Carbone
can also be used to enhance the absorption of PE, owing to the
significant imaginary part of their refractive index in the 5—15
pum range. However, TiO, represents an excellent choice due
to its dual effect in both the visible and infrared ranges: its
strong scattering efficiency in the visible enhances optical
opacity and promotes a cotton-like appearance, while its
infrared properties contribute to improving the thermoreg-
ulation performance of the textile. The metal layer acts as a
perfect mirror in the MIR range and therefore fully reflects
infrared radiations while presenting a high thermal con-
ductivity. While gold (Au) was selected due to its
biocompatibility, it may be replaced by lower-cost metals
with high MIR reflectance (e.g,, silver or copper) that exhibit a
similar refractive index over the 5—15 ym range. Even if we use
standard PE in our work, to ensure good breathability of the
metallized membrane, the metallic layer can also be deposited
on nanoporous PE, which exhibits MIR optical properties
similar to those of the standard PE, as demonstrated in'.
Furthermore, adding a protective polymer membrane with low
infrared absorption can significantly improve the durability of
the VOIMF and ensure the maintain of its thermoregulation
performance after washing." For improved membrane
flexibility, the continuous metallic layer can also be replaced
by a discontinuous metallic layer while preserving the desired
functionalities.”®

2.2. Modeling

We propose here a systematic theoretical study of the optical
properties of the fabric, and more specifically that of the PE
composite membrane, as a function of the diameter (d) and
volume fraction (f) of the particles and the thickness of the
membrane (ep). The optical properties were calculated using
the Finite Element Method (FEM)-based modeling in
COMSOL Multiphysics (see the Methods section), along
with the transfer matrix method (TMM),"" Mie theory,”* and
the effective medium theory (EMT)."

2.2.1. Particle Size Effect. The effect of particle size on
MIR properties has been demonstrated by calculating both the

s

40, .
> normalized cross
TTe

. . 40,
extinction X, = >

and scattering 2, =

sections of a single TiO, particle embedded in a PE medium.
We can then deduce the absorption cross section using the
relationship X, = X, — 2. The calculations were performed by

https://doi.org/10.1021/acsomega.5c10457
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Figure 2. Normalized cross section of extinction X, (a), scattering %, (b), and absorption Z, (c) as a function of particle diameter d in the MIR
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Figure 3. Real n4 (a) and imaginary kg (b) parts of the refractive index (N.g = g + ik.g) of a PE membrane as a function of the volume fraction f
of TiO, particles in the MIR range. The calculations were done using EMT theory.

using Mie theory for a spherical particle of diameter d. Figure
2a shows the extinction cross section in the 5—15 pm range for
d varying from 0.2 to 8 um. Figure 2a evidences that the
extinction of the incident electromagnetic wave occurs at both
short and long wavelengths for, respectively, particle size larger
than 2 and 0.3 ym. Nevertheless, Figure 2b shows that the
scattering phenomenon is active for particles of diameters
larger than 2 pum and mainly at low wavelengths. The
absorption cross section is displayed as a function of d in
Figure 2c. It indicates that particles with diameters between 1
um and 3 pum show high absorption in the 13—15 um
wavelength range. Now, the thermoregulation mechanism of
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our fabric benefits more from the absorption capabilities of the
particles than on the scattering properties of TiO, particles.
Therefore, the diameter of the particles d should be smaller
than 2 ym to obtain minimal diffusion with high absorption.
To better evidence the behaviors of particles with d smaller
and larger than 2 um, we plotted in Figure 2d,e the normalized
cross sections X, (black line), X, (blue line), and Z, (red line),
for d = 1 pm and d = 3 pym, respectively. A particle with d = 1
um (Figure 2d) shows almost no scattering effect while
exhibiting a high absorption for wavelengths larger than 13 ym.
However, a particle with d = 3 ym (Figure 2e) strongly scatters
at short wavelengths but also at long wavelengths to a lesser

https://doi.org/10.1021/acsomega.5c10457
ACS Omega 2026, 11, 9826—9835
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extent. In the meantime, such a particle is also absorbed in the
13—15 pm wavelength range.

2.2.2. Particles Fraction Effect. After studying the
influence of the particle’s diameter, we need to assess the
impact of the volume fraction f of these spherical particles on
the MIR wavelength range. Considering that the particles
exhibit low scattering (with diameters below 2 ym), the EMT
has been used (Supporting Information) to calculate the
effective refractive index N as a function of f in the 5—15 pm
wavelength range. Figure 3 shows the complex refractive index
Neg = neg + ikeg calculated for f varying from 0% to 10%. In the
13—15 pum range, one can see that the volume fraction f of
particles has a strong impact on both the real (n.g Figure 3a)
and imaginary (kg Figure 3b) parts of the refractive index of a
PE membrane. Comparing a membrane without particles (f =
0%) with one containing particles, one can see that ng
decreases (Figure 3a) while k. increases (Figure 3b) in the
13—15 um wavelength range. This behavior is directly related
to the contrast between the real and imaginary parts of the two
materials: npg versus np;o and kpg versus kr;o , respectively.

Actually, at high wavelengths, ny5 is smaller than npg, while
the imaginary part kTiO2 is larger than kpg. This evolution of n.4

and k. as a function of f is hence explained by the increased
number of TiO, particles within the PE matrix.

Using the TMM, both reflection (R) and transmission (T)
coeflicients have been calculated for a 20 ym-thick membrane
containing a volume fraction f of particles. The absorption (A)
coefficient was then deduced from the following relationship:
A =1— (R+ T). All three elements are presented in Figure
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4a—c, which shows that the volume fraction of particles affects
the optical coeflicients mainly within the 13—15 pm wave-
length range. Actually, increasing f leads to a decrease in R and
T, while the absorption coefficient A increases significantly.
This change in the three optical coeflicients can be explained
by the impact of particles on the refractive index, as
demonstrated earlier in Figure 3. More specifically, the
decrease in n. s leads to a reduction in the refractive index
contrast between the polymer layer and the air. Consequently,
the reflective part of electromagnetic wave decreases. In
parallel, the increase of A is due to the increase of the
imaginary part k.. The effect of the particles on coefficient A
leads to a drastic reduction of T. Moreover, a small fraction of
particles is useful for other properties, such as the flexibility of
the membrane. Thus, a volume fraction of TiO, particles lower
than f = 5% enables the particle effect to be fully exploited
without degrading the flexibility of the PE membrane.

2.2.3. Membrane Thickness Effect. The thickness of the
membrane e, is an important parameter as it can also impact
the fabric’s MIR optical properties. As previously reported, the
effect of the membrane thickness on the three optical
coefficients has been studied. The reflection (R, Figure Sa),
transmission (T, Figure Sb), and absorption (A, Figure Sc)
coeflicients were calculated in the MIR wavelength range for a
membrane of thickness e, varied from 10 to 100 um. In
accordance with our previous findings, the simulated
membrane also contained a volume fraction of TiO, particles
set at f = 5%. Figure Sa clearly shows that increasing e, has a
small impact on the amplitude of R. However, new Fabry—

Perot oscillations appear as e, increases. Figure Sb shows that

https://doi.org/10.1021/acsomega.5c10457
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coeflicient T is drastically reduced within a narrow wavelength
window, close to 7 ym, due to the simultaneous amplification
of the PE’s intrinsic absorption peak (Figure Sc). In addition,
at high wavelengths, the zero T domain enlarges, going from
the [13—15] to [10—15] ym wavelength range with ¢, (Figure
5Sb). The increase in A in the same region (Figure Sc) can be
explained by the increase in the interaction between radiation
and matter. A composite membrane thickness of e, = 20 pm
makes it possible to obtain high absorption (emissivity)
without compromising the fabric’s mechanical flexibility.

In conclusion of this theoretical investigation, a PE
membrane with a thickness of ¢, = 20 um, containing f =
5% by volume of TiO, particles having a diameter d < 2 pum
meets the expected optical properties. It can be combined with
a metal layer (a thickness of 200 nm of Au has been chosen) to
ensure total reflection from one of the two faces.

3. EXPERIMENTAL SECTION
3.1. Morphology and Fabrication

To realize the fabric, we start from the chemical and morphological
characterization of a commercial 20 ym-thick doped PE membrane.
The doped membrane was fully characterized to better define and
demonstrate its properties. The information given below clearly
identifies its properties. First, we performed micro-Raman spectros-
copy (see the Methods section for details) on multiple random
positions of the doped membrane to identify the composite materials
of the polymer matrix. Figure 6a shows the Raman spectrum of a PE
membrane free of particles, which was taken as reference (top), and
that of a PE membrane containing 5% of TiO, particles (bottom).
The shape of the Raman signatures in the 1000—1500 cm™' range
demonstrates that the PE is of the high density polyethylene
(HDPE)* type. The Raman signatures of HDPE at 1070 and 1135
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cm™! are assigned to C—C stretching modes and that at 1300 cm™! to

the —CH,— twisting mode.**~*® The feature centered at around 1445
cm™' corresponds to the Raman signatures of the —CH,— bending
modes. In addition, the HDPE membrane shows two strong peaks at
2845 cm™' and 2883 cm™! due to the asymmetric and symmetric
stretching modes of CH,, respectively.**™*° In contrast to the
reference, the Raman spectrum corresponding to the HDPE
membrane enriched with $% of TiO, particles (Figure 6a, bottom)
exhibits new peaks in the 100—750 cm™ spectral range. These new
peaks are assigned to the rutile phase of TiO, particles.”” Raman
active modes of By, E,, and A,; symmetries appear in the spectrum at
143, 445, and 610 cm ™", respectively. The band at 242 cm™ originates
from two-phonon Raman scattering.48

The PE membrane contains 20 wt % TiO, corresponding to S vol
%, considering the density ratio of 1 to S between PE and TiO,.
Figure 6b shows a representative optical snapshot (top) and scanning
electron microscopy (SEM) (bottom) images of the morphology of
the PE membrane doped with TiO, particles. The dielectric particles
(in white on the SEM image) are randomly and uniformly dispersed
in the polymer matrix. The SEM image qualitatively highlights a size
dispersion of the TiO, particles in the micrometer range.

We also characterized the wetting properties of the fabric by
measuring the water contact angle of both the reference surface (PE
with no particles) and PE with TiO, particles (see the Methods
section). Both surfaces show the same static contact angles (resulting
in a nearly hydrophobic surface), demonstrating that there is no
change in surface properties with or without TiO, (see Figure 6c).
Beyond the exploring nature of our work on the optical and thermal
properties of the model textile sample, it should be noted that this
property could have an impact to extend the life of textiles by
protecting them from moisture and mold, making garments more
functional and durable.

Once the PE-5 vol %TiO, membrane had been successfully
characterized, we proceeded to manufacture the bilayered membrane.
To do so, we metallized (evaporation method) the PE-S vol %TiO,
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Figure 7. Simulated (dashed line) and measured (solid line) MIR properties of the VOIMF. R (black line), T (blue line), and A (red line)
coefficients for an incident wave facing either the doped polymer layer (a) or the metallic one (b). The numerical simulations were done using
FEM and the measurements were performed with an FTIR spectrometer.
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Figure 8. Optical properties of PE-S vol %TiO, in the visible range. (a) Measured opacity of cotton (black), PE (green), PE-TiO, (blue). (b)
Normalized cross section of scattering X as a function of particle diameter d in the VIS range of 400—800 nm for d = 0.2 ym, d = 0.4 ym, d = 0.6
um, and d = 0.8 ym. The calculation was done for a single TiO, particle in the PE medium using Mie theory.

membrane with an ultrathin Au layer of thickness e,, = 200 nm (see TiO, particles (see Section 3). The second configuration (Figure 7b),
Figure 6d). For large-scale manufacturing, methods such as roll with the incident wave facing the metalized side, leads to a total
bonding and roll-to-roll processing can be used.*”*° reflection in the MIR range. The thermal behavior of these two modes

3.2. MIR Properties will be considered in the last section.

The MIR properties of the two configurations of the VOIMF were 3.3. Visible Properties

studied theoretically and experimentally. Using the FEM (see the The visible (VIS) properties of the proposed VOIMF in both
Methods section for details), we have calculated the optical configurations were addressed by measuring the fabric’s visible
coeflicients of the VOIMF in the 5—15 ym range. The measurement transmission spectra (refer to the Methods section for details), from
has been done using an Fourier transform infrared spectroscopy which the opacity is deduced using the following relationship: VIS
(FTIR) spectrometer with a gold integrated sphere (see the Methods opacity = 100% — Transmission. Figure 8a shows the measured
section). Figure 7 shows the simulated (dashed line) and measured opacities of cotton (black), PE (green), and PE-TiO, (blue). Looking
(solid line) R (black line), T (blue line), and A (red line) coefficients at Figure 8a, one can see that the regular PE shows a relative
when the incident wave faces either the doped polymer layer (Figure transparency, with 20% opacity, while the PE-TiO, shows high visible
7a) or the metallized one (Figure 7b). The fabric shows an opacity close to 100%, similar to that of cotton textile. The snapshots
asymmetrical behavior in the MIR. In both cases, the transmission presented in Figure 8a were taken with a camera and show the
is zero due to the metallic layer. Nevertheless, in the first different membranes covering the name of our European project
configuration (Figure 7a), one can see a high reflection in the [S— ‘PHOTONITEX'. To understand the VIS property of PE-TiO,, we
9] pm range and high absorption in the [10—15] ym range due to the calculated the scattering properties of a single TiO, particle
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Figure 9. Infrared camera visualization of the transmitted and emitted thermal radiation by the membranes. (a) Schematic of the measurement
process. (b) Optical (top) and thermal (bottom) images of the hand’s covered by cotton (left) and the fabric (right) in Mode 1 (red frame) and
Mode 2 (blue frame). The thermal image is taken at an ambient temperature of 25 °C and at 30 cm from the hand.

embedded in a PE medium in the [400—800] nm range. Figure 8b
. . . 40,
represents the normalized cross section of scattering (X, = E) for

diameters d = 0.2 pm, d = 0.4 pum, d = 0.6 um, and d = 0.8 ym. The
combined effect of the different diameters results in strong scattering
of all wavelengths in the visible (VIS) range, leading to the white
appearance and opacity of the doped PE membrane. Therefore, the
VOIMEF appears white and opaque to the human eye in Mode 1 and
exhibits a gold color in Mode 2. Moreover, from a visual point of view,
if we consider the use of this type of sample as is, in order to avoid the
metallic sheen of the gold layer in operating Mode 2, an additional PE
layer doped with oxide zinc (ZnO) particles may be added. Because
both PE and ZnO have low absorption in the MIR and ZnO provides
strong scattering in the visible range, this layer will give the membrane
a white appearance.”

3.4. Outgoing Thermal Radiation Characterization

In this section, we demonstrate the ability of VOIMF to control the
infrared emissivity toward the environment. This aspect is directly
related to the numerous studies that have previously demonstrated
that the emissivity of a textile’s outer surface plz;ys a decisive role in
controlling thermoregulation performance."**® Using a thermal
camera, we qualitatively recorded the external emissivity of the
VOIMF in both operating modes and compared it with that of
conventional cotton. We placed the fabric on the palm of a hand at a
temperature of 34 °C and then characterized its IR emissivity using a
thermal camera in a room at temperature 25 °C (see Figure 9a). The
camera was placed approximately 30 cm from the palm of the hand.
Figure 9b shows the optical (top) and thermal (bottom) images of the
two samples deposited on the hand, namely, the cotton (left images)
and the PE/TiO,—Au in two operating modes (right image, red and
blue frame). It can be seen that the cotton has a warm color (orange)
compared to both sides of the fabric, indicating a high emissivity
corresponding to heat losses by radiation. Depending on which side is
facing the thermal camera, the fabric behaves in two different ways.
When the fabric is operating in Mode 1 (red frame), the fabric
appears in warm color, which means that the fabric is emitting a high
level of thermal radiation. When the fabric is switched to Mode 2
(blue frame), the fabric color is then perceived as blue by the thermal
camera, which means that the fabric is emitting a low level of thermal
radiation. It means that in the first case, the thermal energy is mainly
restituted to the environment, while in the second one, the thermal
energy is mainly restituted to the body’s microclimate. Compared
with conventional textiles that operate in a single high-emissivity
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mode, these results qualitatively show the fabric’s ability to control
radiative emission toward the environment.

4. THERMAL ANALYSIS

To further demonstrate the thermoregulation performance of
VOIMEF, we quantitatively compared the added value of our
fabric with that of a conventional textile. We chose a cotton
textile with a thickness of 360 pm (18 X eP). The optical
coefficients, measured by FTIR, are presented in Figure S2
(Supporting Information). Using an analytical thermal model,
we calculated the ambient set-point temperature necessary to
maintain the skin temperature at 34 °C (ie., the room
temperature required for thermal comfort when wearing
different textiles). The analytical model is detailed in the
Supporting Information (see Supporting Note 3). The
calculation was performed for both VOIMEF configurations
and compared to a layer of cotton. As shown in Figure 10a, the

a b
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E 215 208
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£ 16.8 % 0.6
) E 0.5
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E 10 o % 0.4
[ 3
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g 0.2
= 0.01

Cotton Mode 1 Mode 2 Cotton Mode 1 Mode 2

Figure 10. Comparison of conventional cotton and VOIMF modes in
terms of their comfort temperature set points (i.e., room temperature
required for thermal comfort when wearing different textiles) (a) and
their outer emissivity (b).

conventional cotton textile maintains thermal comfort only at a
room temperature of 21.5 °C. However, our fabric shows dual
behavior. When the VOIMEF is set to Mode 1, the human body
remains thermally comfortable at a room temperature of 16.8
°C. When the VOIMF is reversed to Mode 2, the comfort set
point decreases to 6.7 °C. This behavior is directly related to
the emissivity of the membrane, which can be estimated from
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the outer side of the textile (Figure 10b). For the cotton layer,
we get a single value of 0.9 which is eflicient for a room
temperature of 21.5 °C. For lower temperature the VOIMF
demonstrates its efficiency by limiting the radiative emission to
the environment to 0.5 then 0.01. However, the asymmetric
emissivity of the VOIMF allows the switching between higher
and lower heat losses. Compared to previous dual-mode
textiles and Janus structures,”’ " the VOIMF exhibits a wider
thermal comfort zone, extending to lower temperatures.
Overall, these papers present heating properties ranging from
8.3 to 33 °C. However, our work differs from other studies in
that it has a lower minimum temperature. Previously, our work
had resulted in a range from 7.1 to 16.3 °C (ref 26), whereas in
this article, we have managed to achieve a range from 6.7 to
16.8 °C, which is not only wider in scope but also lower in
temperature than what has been published to date to our best
knowledge. Therefore, a textile based on a VOIMF can be an
effective solution to replace a conventional textile for a low-
temperature environment.

5. CONCLUSION

In conclusion, we have developed a fabric with a high heating
performance for thermoregulation in low-temperature indoor
environments. By modulating its outer emissivity in the MIR
range, the fabric maintains thermal comfort of the human body
in the ambient temperature range of 6.7—16.8 °C. The wide
thermal comfort zone (~10 °C) achieved by the fabric can
considerably reduce the energy consumption in buildings.
Moreover, the fabric remains opaque to human eyes due to the
high TiO, particle scattering property of visible wavelengths.
The results obtained from a test sample are the first step
toward optimizing the textiles worn. By considering possible
modifications to the materials used (membranes made from
other types of porous polymers, for example, to improve the
breathability of the textile, different metals to be taken into
account depending on their cost price, other particles to
modify both the optical properties in the infrared and visible
spectrum, etc.), we have also attempted to broaden the
application prospects of the VOIMF.

An additional advantage of this textile is its ability to
maintain thermal comfort at low ambient temperatures with a
minimal thickness. This makes it particularly useful for workers
in refrigerated warehouses, where temperatures are typically
maintained well below 6.7 °C, or for outdoor workers in polar
or high-altitude regions exposed to extreme cold conditions,
offering a lightweight and comfortable solution for thermal
insulation without compromising mobility or wearability.

6. METHODS

6.1. Numerical Simulation

The reflection (R) and transmission (T) coefficients of the VOIMF
were calculated using COMSOL Multiphysics software, deducing the
absorption by A = 100% — (R + T). An elementary cell of the VOIMF
was considered in air, and a periodic boundary condition was applied
to generate all geometries. A source and a detector of the
electromagnetic wave were placed before and after the elementary
cell. The source generates a plan wave propagating in air and

penetrating the design at normal incidence. The efficiency coeflicient
15

was calculated by p, 7, a = ”/157/&, where E, is the human body
E,
B
emissivity calculated by Planck’s law and y; is the R, T, and A
coefficients at wavelength A.
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6.2. Raman Spectroscopy

Raman spectra were acquired using a Renishaw inVia Reflex
spectrometer coupled to an optical free-space microscope (BXFM
Olympus), mounted with a S0X (0.5 N.A.) Olympus LMPlanFl
magnification objective. An excitation wavelength of 514.5 nm with a
150 mW nominal power (DPSS laser, Cobolt) was used. Laser power
was reduced at the sample to 10% of the nominal power, and the
minimum beam spot size was about 1.3 ym. A spectral resolution of ~
12 cm™ was obtained when using the 600 grooves/mm diffraction
grating, and the Raman backscattered photons are collected on a
CCD camera (576 X 400 pixels) cooled by the Peltier effect. The
correct position of the peaks was ensured by calibration of the
instrument against the signature of a silicon standard at 520 cm™.
Each spectrum corresponds to an accumulation of 3 scans with a total
collection time of 90 s in extended mode (100—4000 cm™).

6.3. Scanning Electron Microscopy

The surface morphology of the membrane was characterized using
SEM (Hitachi SEM field emission GU) with an accelerating voltage of
S kV and an emission current of 10 uA. Before imaging, the
membrane was sputtered with a thin layer of chrome.

6.4. Contact Angle

The contact angle of the samples was measured using water as the
liquid with Biolin Scientific.

6.5. Metallization

The composite PE membrane was metallized using electron beam
physical vapor deposition in an IEMN cleaning room. The speed of

deposit was 1 nm s~

6.6. Fourier Transform Infrared Spectroscopy

The MIR properties of the samples were characterized by an FTIR
Prestige 21 (from Shimadzu) spectrometer with a gold sphere
integrating system (from PIKE Technologies). The transmission (T)
measurements were performed at normal incidence. For the reflection
(R) measurements, the angle of incidence is 12°. The absorption (A)
was calculated by A = 100% — (R + T).

6.7. UV—Vis Spectroscopy

The VIS properties of the samples were characterized by using a
Lambda 800 UV/vis Spectrometer from PerkinElmer. The measure-
ments were done in air at a normal incidence.

6.8. Emissivity Characterization

The outer emissivity of the sample was characterized via an infrared
camera by using a testo 86S. The thermal images were taken in an
indoor area at normal humidity.
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